Vascular endothelial growth factor (VEGF) is a hypoxia-inducible angiogenic peptide with recently identified neurotrophic effects. Because some neurotrophic factors can protect neurons from hypoxic or ischemic injury, we investigated the possibility that VEGF has similar neuroprotective properties. In HN33, an immortalized hippocampal neuronal cell line, VEGF reduced cell death associated with an in vitro model of cerebral ischemia: at a maximally effective concentration of 50 ng͞ml, VEGF approximately doubled the number of cells surviving after 24 h of hypoxia and glucose deprivation. To investigate the mechanism of neuroprotection by VEGF, the expression of known target receptors for VEGF was measured by Western blotting, which showed that HN33 cells expressed VEGFR-2 receptors and neuropilin-1, but not VEGFR-1 receptors. The neuropilin-1 ligand placenta growth factor-2 failed to reproduce the protective effect of VEGF, pointing to VEGFR-2 as the site of VEGF's neuroprotective action. Two phosphatidylinositol 3-kinase inhibitors, wortmannin and LY294002, reversed the neuroprotective effect of VEGF, implicating the phosphatidylinositol 3-kinase͞Akt signal transduction system in VEGF-mediated neuroprotection. VEGF also protected primary cultures of rat cerebral cortical neurons from hypoxia and glucose deprivation. We conclude that in addition to its known role as an angiogenic factor, VEGF may exert a direct neuroprotective effect in hypoxic-ischemic injury.
Vascular endothelial growth factor (VEGF) is a hypoxia-inducible angiogenic peptide with recently identified neurotrophic effects. Because some neurotrophic factors can protect neurons from hypoxic or ischemic injury, we investigated the possibility that VEGF has similar neuroprotective properties. In HN33, an immortalized hippocampal neuronal cell line, VEGF reduced cell death associated with an in vitro model of cerebral ischemia: at a maximally effective concentration of 50 ng͞ml, VEGF approximately doubled the number of cells surviving after 24 h of hypoxia and glucose deprivation. To investigate the mechanism of neuroprotection by VEGF, the expression of known target receptors for VEGF was measured by Western blotting, which showed that HN33 cells expressed VEGFR-2 receptors and neuropilin-1, but not VEGFR-1 receptors. The neuropilin-1 ligand placenta growth factor-2 failed to reproduce the protective effect of VEGF, pointing to VEGFR-2 as the site of VEGF's neuroprotective action. Two phosphatidylinositol 3-kinase inhibitors, wortmannin and LY294002, reversed the neuroprotective effect of VEGF, implicating the phosphatidylinositol 3-kinase͞Akt signal transduction system in VEGF-mediated neuroprotection. VEGF also protected primary cultures of rat cerebral cortical neurons from hypoxia and glucose deprivation. We conclude that in addition to its known role as an angiogenic factor, VEGF may exert a direct neuroprotective effect in hypoxic-ischemic injury. V ascular endothelial growth factor (VEGF) is an angiogenic peptide that is released in response to hypoxia in developing or neoplastic tissue; it acts on endothelial cells to promote the sprouting of blood vessels (1, 2) . The angiogenic action of VEGF involves an antiapoptotic effect that promotes endothelial cell survival and is mediated through the VEGFR-2 receptor and the phosphatidylinositol 3Ј-kinase (PI3-K)͞Akt signaling pathway (3) . This pathway has also been implicated in the cell survivalpromoting effects of insulin-like growth factor 1 on cerebellar neurons (4) and of glial cell line-derived neurotrophic factor on motor neurons (5) .
VEGF itself appears to have direct neurotrophic effects, as it stimulates axonal outgrowth and increases the survival of mouse superior cervical and dorsal root ganglion neurons (6) and promotes the survival of rat mesencephalic neurons (7) in culture. We reported recently that VEGF also rescues HN33 hippocampal cells from death induced by serum withdrawal (8) .
These observations and current interest in VEGF as a potential treatment for stroke based on its angiogenic action (9, 10) led us to investigate the possibility that VEGF, like certain other trophic factors (11, 12) , has a direct neuroprotective effect in an in vitro cell culture model of cerebral ischemia. Our results indicate that VEGF acts through VEGFR-2 receptors and PI3-K to reduce cell death from hypoxia and glucose deprivation in cultured HN33 cells (13) and that the protective effect of VEGF also occurs in primary cultures of cerebral cortical neurons.
Materials and Methods
HN33 Cell Culture. HN33 is an immortalized cell line derived from somatic cell fusion of mouse hippocampal neurons and N18TG2 neuroblastoma cells (13) . HN33 cells express a broad range of neuronal signaling properties (13) (14) (15) (16) (17) (18) and have been used to investigate pathophysiological features of neuronal injury states, including meningitis (19) , polyglutamine disease (20) , oxidative stress (21) , and ischemia (22) . HN33 cells were cultured as described by Shi et al. (22) , with modifications. Briefly, cells at passage Յ20 were plated at a density of 1 ϫ 10 5 cells per well onto uncoated, 24-well plastic culture dishes in DMEM containing 10% (vol͞vol) FBS (Life Technologies, Rockville, MD) and maintained at 37°C in humidified 95% air͞5% CO 2 until ϳ90% confluent.
Hypoxia and Glucose Deprivation (HGD).
To induce HGD, cultures were placed in modular incubator chambers (BillupsRothenberg, Del Mar, CA) for 0-24 h at 37°C, in humidified 95% air͞5% CO 2 and serum-free medium with 30 mM glucose (control) or humidified 95% N 2 ͞5% CO 2 and serum-free medium without glucose (HGD) (23) . Cultures were then returned to normoxic conditions for the remainder, if any, of 24 h. The effects of VEGF (Sigma), placenta growth factor-2 (PlGF-2) (R & D Systems), wortmannin (Sigma), and 2-[4-morpholinyl]-8-phenyl-1[4H]-benzopyran-4-one (LY294002) (Sigma) were evaluated in cultures exposed to these agents for the entire 24 h.
Cell Survival Assay. Cell survival was assessed by adding 0.08% trypan blue dye to culture wells for 5 min at 25°C, substituting dye-free buffer, and counting dye-containing (injured) and dye-excluding (viable) cells in five 40ϫ microscope fields per well.
Western Blotting. Western blotting was used to determine which receptors for VEGF were expressed by HN33 cells in culture. Cell lysates were extracted in 0.1 M NaCl, 0.01 M Tris⅐HCl (pH 7.6), 1 mM EDTA (pH 8.0), 1 g͞ml aprotinin, and 100 g͞ml PMSF, and protein concentration was determined by a Bio-Rad protein assay. Protein (100 g) was boiled at 100°C in SDS sample buffer for 5 min, electrophoresed on 7-12% SDS-PAGE gels, and transferred to polyvinyldifluoridine membranes. These were then incubated overnight at 4°C with (i) mouse monoclonal antibody against amino acids 1-140 of human VEGF (Santa Cruz Biotechnology; 1:500), (ii) affinity-purified rabbit polyclonal antibody against the carboxy terminus of human Flt-1͞ VEGFR-1 (Santa Cruz Biotechnology; 1:500), (iii) mouse monoclonal antibody against an epitope corresponding to amino acids 1158-1345 and mapping at the carboxyl terminus of mouse Flk-1͞VEGFR-2 (Santa Cruz Biotechnology; 1:500), or (iv) affinity-purified rabbit polyclonal anti-neuropilin-1, raised against an epitope corresponding to amino acids 813-827 and This paper was submitted directly (Track II) to the PNAS office.
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mapping at the amino terminus of human neuropilin-1 (Oncogene Research Products, Cambridge, MA; 1:200). Membranes were washed with PBS containing 0.1% Tween 20, incubated with horseradish peroxidase-conjugated anti-mouse (for monoclonal primary) or anti-rabbit (for polyclonal primary) secondary antibody (both Santa Cruz Biotechnology; 1:3,000) at room temperature for 60 min, and washed three times for 15 min with PBS͞Tween. Peroxidase activity was visualized with a chemiluminescence substrate system (NEN Life Science Products). Controls for nonspecific binding included omission of the primary antibody or preabsorption of the primary antibody with antigen peptides for 2 h at 37°C at a dilution of 1:5.
Immunodetection of Phosphorylated VEGFR-2. HN33 cells were maintained under control conditions or exposed to HGD as described above for 24 h, in the absence or presence of 100 ng͞ml of VEGF. Cell lysates were extracted in 0.1 M NaCl, 0.01 M Tris⅐HCl (pH 7.6), 1 mM EDTA (pH 8.0), 1 g͞ml aprotinin, 100 g͞ml PMSF, and 100 M Na 3 VO 4 and centrifuged at 10,000 ϫ g for 15 min. The supernatants were used for immunoprecipitation with the anti-Flk-1͞VEGFR-2 antibody described above. After incubation for 2 h at 4°C and centrifugation at 10,000 ϫ g for 15 min, the pellet was washed three times with lysis buffer and resuspended in 1ϫ loading buffer containing 50 mM Tris⅐Cl (pH 6.8), 100 mM DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol. The immunocomplex was separated by 7% SDS-PAGE and transferred to poly(vinylidene dif luoride) membranes. Membranes were blocked in 5% nonfat milk and 0.2% Tween-20 in PBS for 1 h at room temperature and incubated overnight at 4°C with a mouse monoclonal antibody against p-Tyr, which specifically detects phosphotyrosine-containing proteins (Santa Cruz Biotechnology; 1:200). Horseradish peroxidase-conjugated anti-mouse secondary antibody was visualized with a chemiluminescence substrate system (NEN).
Primary Neuronal Culture. Neuronal cultures were prepared from 16-to 17-day-old Charles River CD1 mouse embryos (24) . Cerebral hemispheres were removed aseptically; freed of meninges, olfactory bulbs, basal ganglia, and hippocampi; and incubated at 37°C in Ca 2ϩ -and Mg 2ϩ -free Earle's balanced salt solution containing 0.01% trypsin 1:250. After 30 min, 10% horse serum (HS) was added. Cells were placed in 2 ml of fresh MEM and triturated. They were resuspended in Eagle's MEM prepared without glutamine and with twice the usual concentration of other amino acids and four times the usual concentration of vitamins (MEM-Pak; Cell Culture Facility, University of California, San Francisco, CA) and supplemented on the day of plating with glucose (final concentration, 30 mM), 2 mM glutamine, and 15 mM Hepes (pH 7.4). Cell suspensions were filtered through a 70-m Falcon nylon cell strainer, supplemented with 10% horse serum and 10% FBS, and seeded at a density of 3 ϫ 10 5 cells per well on 24-well Corning tissue culture dishes coated with 100 g͞ml of poly-D-lysine. Cultures were incubated for 20 min at 37°C in humidified 95% air͞5% CO 2 , and one-half of the medium was replaced with medium containing 5% horse serum and 5% FBS. Cytosine arabinoside (10 M) was added on the sixth day in vitro. On the next day, two-thirds of the medium was replaced with medium lacking cytosine arabinoside; thereafter, one-half of the medium was replaced with fresh medium twice weekly. Experiments were conducted at 12 days in vitro, when Ͼ90% of cells were microtubule-associated protein 2-immunoreactive. Fig. 1 shows that HN33 cell viability decreased progressively as the duration of HGD increased, with only ϳ20% of cells still able to exclude trypan blue dye at 24 h. This progression resembles the time course and magnitude of HGD-induced cell death in a prior study of HN33 cells (22) , as well as our own previous results for primary cultures of cerebral cortical neurons (23) . The addition of VEGF to cultures reduced cell death from HGD, leading to an approximately 2-fold increase in cell viability after 24 h of HGD at a maximally effective concentration (50-100 ng͞ml) of VEGF. cultures were probed by Western blotting with an anti-VEGF antibody. Fig. 2 shows that VEGF immunoreactivity was detected in control cultures but was not induced further by HGD. The protective effect of VEGF in HGD could be mediated through a variety of signaling pathways, because VEGF activates not only the tyrosine kinase receptors VEGFR-1͞Flt-1 and VEGFR-2͞Flk-1, but also the neuropilin family of class 3 semaphorin receptors (25) , which are involved in axonal pathfinding, retraction, and collapse during development and neuronal death (26) (27) (28) . Moreover, a role for neuropilins in the regulation of HGD-induced neuronal cell death would be consistent with findings that class 3 semaphorins mediate the apoptotic effect of dopamine on sympathetic neurons (29) and that semaphorin 3 and neuropilin-1 are induced at sites of neural injury (30) . To determine which receptor system is involved in the protective effect of VEGF, we first used Western blotting to determine which candidate receptors were expressed in our HN33 cultures. To detect both constitutively expressed and induced receptors, either of which could be involved, both control and HGD-treated cultures were examined. Fig. 2 shows that control and HGD-treated cultures both expressed VEGFR-2 receptors and neuropilin-1, but not VEGFR-1 receptors. No bands were seen at the relevant M r when the primary antibody was omitted or preabsorbed for 2 h at 37°C with peptide antigen.
Results

VEGF Protects HN33 Cells from HGD.
Placenta Growth Factor-2, a Neuropilin-1 Ligand, Is Not Neuroprotective. Because VEGFR-2, neuropilin-1, or both could be responsible for the protective effect of VEGF in our cultures, we next sought to distinguish among these possibilities. To this end, we took advantage of the fact that whereas VEGF is a ligand for VEGFR-1, VEGFR-2, and neuropilin-1, a related angiogenic peptide, PlGF-2, binds only to VEGFR-1 and neuropilin-1 (31). Thus, if PlGF-2 were to reproduce the protective effect of VEGF, it would suggest that neuropilin-1 is the responsible receptor, whereas failure of PlGF-2 to protect would point to VEGFR-2. As illustrated in Fig. 3 , PlGF-2 had no effect on cell viability, arguing against the involvement of neuropilin-1 (or VEGFR-1) and for the involvement of VEGFR-2 in cytoprotection.
VEGF Stimulates Phosphorylation of VEGFR-2 in HN33 Cells. Physiological activation of VEGFR-2 by VEGF is associated with tyrosine phosphorylation of the receptor (32) . If VEGF protects HN33 cells through an interaction with functional VEGFR-2 receptors, it should be possible to demonstrate VEGF-induced receptor autophosphorylation in this system. Fig. 4 shows that when HN33 cells were exposed to HGD in the presence of a maximally protective concentration of VEGF, phosphotyrosine immunoreactivity coprecipitating with VEGFR-2 was increased.
PI3-K Inhibitors Block Neuroprotection by VEGF.
Because most evidence favors the participation of the PI3-K͞Akt signaling cascade in antiapoptotic and related effects of VEGFR-2 activation (3), we examined the effects of two PI3-K inhibitors, wortmannin and LY294002, on the cytoprotection by VEGF. Neither inhibitor, added alone, altered cell viability in control or HGD-treated cultures (not shown). However, both reversed the protective effect of VEGF (Fig. 3) , suggesting that VEGF promotes cell survival in our model of HGD by interacting with VEGFR-2 and activating PI3-K. 
VEGF Protects Primary Neuronal Cultures from HGD.
To assess whether the protective effect of VEGF that we observed in HN33 cultures extends to non-immortalized central neurons, primary cultures of cerebral cortical neurons were exposed to HGD under the same conditions used for studies with HN33 cells. Fig. 5 illustrates that HGD decreased neuronal viability with a time course similar to that observed for HN33 cells. In addition, VEGF reduced neuronal death from HGD, at optimal concentrations and to a maximal extent that resembled findings in HN33 cell cultures.
Discussion
Although VEGF was identified as an angiogenic and vesselpermeability factor (33, 34) , our results document an additional, direct neuroprotective effect. Recent studies have shown neurotrophic functions of VEGF (6, 7) as well as induction of VEGF in pathological states affecting the central (35) (36) (37) (38) (39) or peripheral (40) nervous system. In cultured superior cervical and dorsal route ganglion neurons, VEGF stimulates axonal outgrowth and improves cell survival (6) . These cells express VEGFR-2, and axonal outgrowth induced by VEGF can be blocked by a mitogen-activated protein kinase inhibitor (6). Thus, VEGFR-2 and mitogen-activated protein kinase appear to be involved in trophic effects of VEGF on these neurons, as also proposed for endothelial cells (41) . VEGF also increases the survival of dopaminergic neurons in organotypic midbrain explant cultures (7), but the presence of vascular and glial elements in this preparation and the apparent absence of [ 3 H]VEGF binding sites on the affected neurons make it more likely that their improved survival is mediated through effects of VEGF on nonneuronal cells.
We found that, at concentrations comparable to those with neurotrophic effects on ganglion neurons, VEGF produced a roughly 2-fold increase in the number of HN33 cells that survived 24 h of HGD. This increase in viability, from ϳ10-20 to ϳ25-40% of cells in different cultures, reflects only partial protection, which could be explained by the severity of the insult, the expression of VEGF receptors on only a subpopulation of cells, or the ability of VEGF to affect only a portion of the signaling pathways that lead to cell death. Interestingly, VEGF produced partial protection of a comparable magnitude against HN33 cell death induced by serum withdrawal (8) .
Although our HN33 cultures expressed VEGF, as detected by Western blotting, we saw no evidence for the induction of VEGF expression by HGD. Hypoxic induction of VEGF in other cell types, including astrocytes (42), depends on mRNA and protein synthesis and may not occur if the injurious stimulus is too severe. If this result of injury is also true for HN33 cells, it could explain the absence of VEGF induction by HGD. Alternatively, the time course of VEGF induction could be too brief to be Fig. 4 . VEGF-stimulated phosphorylation of VEGFR-2 in HN33 cells. Cultures were exposed to control conditions (Con), HGD for 24 h (HGD), or HGD for 24 h in the presence of 100 ng͞ml of VEGF (HGD ϩ VEGF). Protein was immunoprecipitated with a mouse monoclonal antibody against amino acids 1158 -1345 of mouse Flk-1͞VEGFR-2, and Western blotting was performed using a mouse monoclonal antibody against p-Tyr, which specifically detects phosphotyrosine-containing proteins. Horseradish peroxidase-conjugated anti-mouse secondary antibody was visualized as described in Materials and Methods. detected in our studies. If VEGF is indeed not subject to hypoxic induction in neural cells, and because it is a secreted protein, it might be released from other cell types, such as astroglia (42) , to interact with neuronal VEGF receptors.
Western blots showing the pattern of VEGF receptor expression in HN33 cells, the demonstration that VEGF stimulates autophosphorylation of VEGFR-2 receptors in these cells, and studies of other VEGF receptor ligands (PlGF-2) and PI3-K inhibitors (wortmannin and LY294002) strongly suggest that the neuroprotective effect of VEGF against HGD is mediated through VEGFR-2 receptors and PI3-K. Neuropilin-1, which serves as a receptor for both semaphorins and VEGF, was also expressed in our cultures, but did not appear to be involved in neuroprotection by VEGF, because the neuropilin-1 ligand PlGF-2 was not protective. Thus, although neuropilin-1 might bind VEGF in our cultures, this binding does not appear to activate the same cell survival pathways mobilized through VEGFR-2.
Western analysis of VEGF and VEGF receptor expression (Fig. 2) showed that VEGF and VEGFR-2 were both expressed for at least 4 h after the onset of HGD, when cells are presumably still viable, because restoring them to a normoxic environment at this point prevents cell death (Fig. 1 A) . At longer intervals up to 24 h, expression of VEGF and VEGFR-2, as well as neuropilin-1, declined (data not shown). This decline in expression indicates that VEGF and VEGFR-2 are available to elicit a neuroprotective effect at a time when cells can still be salvaged, even though expression may be lost as cells become irreversibly injured. Thus, the ability of VEGF to rescue cells from HGDinduced death at 24 h (Fig. 1B) is most likely due to an effect that is initiated within the first 4-8 h of VEGF exposure, although VEGF-activated downstream signaling events that are involved in cell salvage may unfold over a longer period.
PI3-K has also been implicated in the ability of VEGF to enhance the survival of endothelial cells (3) and of insulin-like growth factor 1 (4) and glial cell line-derived neurotrophic factor (5) to promote the survival of cerebellar and spinal neurons. PI3-K is thought to regulate cell death by activating the serinethreonine protein kinase Akt (3), which enhances the activity of antiapoptotic proteins through the transcription factor NF-B and inhibits proapoptotic signaling by Bad, caspase-9, and other effectors (43) . The fact that several of these proteins are induced or activated in ischemic brain (44) (45) (46) (47) (48) is consistent with a role for VEGFR-2͞PI3-K signaling in the regulation of hypoxic or ischemic neuronal cell death.
Because HN33 cells are not normal neurons, we tested further the hypothesis that VEGF is neuroprotective by examining its effect on cell death from HGD in primary cultures of cerebral cortical neurons. The potency and magnitude of VEGF's protective effect in these cultures were similar to those in our HN33 cultures. Thus, VEGF was maximally protective at 50-100 ng͞ml in HN33 and at 100-300 ng͞ml in neurons and increased HN33 cell viability by about 2-fold and neuronal viability by about 5-fold after HGD. These findings indicate that the protective effect of VEGF that we observed in HN33 cells also occurs in bona fide neurons. Whether it occurs in vivo as well must now be explored.
How might endogenous VEGF act to prevent or limit ischemic neuronal injury under known pathological conditions? Cerebral ischemia triggers hypoxia-sensing mechanisms that activate hypoxia-inducible factor-1, a transcription factor that induces VEGF expression (49) . Hypoxic induction of VEGF has been demonstrated in astroglia (42) , but may also occur in neurons, depending on the severity of the insult. For example, VEGF is induced in neurons of the ischemic border zone, but not those in the more severely compromised ischemic core, after focal cerebral ischemia from occlusion of the middle cerebral artery (50) . Our findings suggest that VEGF released from any of a number of possible cellular sources might target VEGFR-2 receptors on the surface of neurons. This targeting could stimulate survivalpromoting signaling pathways that involve PI3-K, Akt, and NF-B and ultimately operate through Bcl-2 family and other antiapoptotic proteins, as observed in nonneural cells (51) (52) (53) .
A perceived limitation to the potential usefulness of VEGF as a therapeutic agent in cerebral ischemia has been the fact that its angiogenic effect is delayed in onset, beginning days to weeks after the ischemic insult (35) , and therefore presumably is too late to rescue many vulnerable neurons (54) . Our results raise the possibility that VEGF may also exert direct neuroprotective effects in ischemic tissue in the interval that precedes angiogenesis, which might help prolong cell survival until angiogenesis can occur.
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